Abstract Cancer treatments such as chemotherapy have been an important part of extending survival in women diagnosed with breast cancer. However, chemotherapy can cause potentially toxic side effects in the brain that impair memory, verbal fluency, and processing speed in up to 30% of women treated. Women report that post-chemotherapy cognitive deficits negatively impact quality of life and may last up to ten years after treatment. Mechanisms underlying these cognitive impairments are not fully understood, but emerging evidence suggests that chemotherapy induces structural changes in the brain, produces neuroinflammation, and reduces adult hippocampal neurogenesis. Dietary approaches that modify inflammation and neurogenesis are promising strategies for reducing chemotherapy-induced cognitive deficits in breast cancer survivors. In this review, we describe the cognitive and neuronal side effects associated with commonly used chemotherapy treatments for breast cancer, and we focus on the often opposing actions of omega-3 fatty acids and added sugars on cognitive function, neuroinflammation, and adult hippocampal neurogenesis. Omega-3 fatty acids administered concurrently with doxorubicin chemotherapy have been shown to prevent depressive-like behaviors and reduce neuroinflammation, oxidative stress, and neural apoptosis in rodent models. In contrast, diets high in added sugars may interact with n-3 FAs to diminish their anti-inflammatory activity or act independently to increase neuroinflammation, reduce adult hippocampal neurogenesis, and promote cognitive deficits. We propose that a diet rich in long-chain, marinederived omega-3 fatty acids and low in added sugars may be an ideal pattern for preventing or alleviating neuroinflammation and oxidative stress, thereby protecting neurons from the toxic effects of chemotherapy. Research testing this hypothesis could lead to the identification of modifiable dietary choices to reduce the long-term impact of chemotherapy on the cognitive functions that are important to quality of life in breast cancer survivors.
Abstract Cancer treatments such as chemotherapy have been an important part of extending survival in women diagnosed with breast cancer. However, chemotherapy can cause potentially toxic side effects in the brain that impair memory, verbal fluency, and processing speed in up to 30% of women treated. Women report that post-chemotherapy cognitive deficits negatively impact quality of life and may last up to ten years after treatment. Mechanisms underlying these cognitive impairments are not fully understood, but emerging evidence suggests that chemotherapy induces structural changes in the brain, produces neuroinflammation, and reduces adult hippocampal neurogenesis. Dietary approaches that modify inflammation and neurogenesis are promising strategies for reducing chemotherapy-induced cognitive deficits in breast cancer survivors. In this review, we describe the cognitive and neuronal side effects associated with commonly used chemotherapy treatments for breast cancer, and we focus on the often opposing actions of omega-3 fatty acids and added sugars on cognitive function, neuroinflammation, and adult hippocampal neurogenesis. Omega-3 fatty acids administered concurrently with doxorubicin chemotherapy have been shown to prevent depressive-like behaviors and reduce neuroinflammation, oxidative stress, and neural apoptosis in rodent models. In contrast, diets high in added sugars may interact with n-3 FAs to diminish their anti-inflammatory activity or act independently to increase neuroinflammation, reduce adult hippocampal neurogenesis, and promote cognitive deficits. We propose that a diet rich in long-chain, marinederived omega-3 fatty acids and low in added sugars may be an ideal pattern for preventing or alleviating neuroinflammation and oxidative stress, thereby protecting neurons from the toxic effects of chemotherapy. Research testing this hypothesis could lead to the identification of modifiable dietary choices to reduce the long-term impact of chemotherapy on the cognitive functions that are important to quality of life in breast cancer survivors.
Keywords Chemotherapy Á Omega-3 fatty acids Á Added sugars Á Cognition Á Inflammation Á Neurogenesis Á Chemobrain
Abbreviations

MRI
Magnetic resonance imaging fMRI Functional magnetic resonance imaging IL-6
Interleukin-6 TNF-a Tumor necrosis factor alpha AHN Adult hippocampal neurogenesis EPA Eicosapentaenoic acid DHA Docosahexaenoic acid n-3 FA Omega-3 fatty acid DOX Doxorubicin RCT Randomized controlled trial IL-1b
Interleukin one beta
Introduction
Advances in the detection and treatment of breast cancer have increased the 5-year survival rate to nearly 90%. However, chemotherapy is often associated with lingering side effects that can persist for over a decade following treatment, negatively affecting quality of life and reducing survival. One of the most common side effects is chemotherapy-related cognitive impairment, also referred to as ''chemobrain'' or ''chemofog'' [1] . Despite an array of studies examining its cause and effects, the mechanism through which chemotherapy affects the brain function remains unclear. Recent studies suggest a mechanism that involves interaction of the immune and neuroendocrine systems, which in turn shape the development of behavioral symptoms in cancer patients [2] . It was first demonstrated approximately 30 years ago that cancer patients being treated with chemotherapy were experiencing cognitive dysfunction [3] . Further studies have confirmed impairments in attention, processing speed, executive function, and working memory as the most common cognitive domains affected by chemotherapy [4, 5] . A difficulty arises when trying to compare studies with different experimental designs, chemotherapeutic agents, cognitive instruments, and patient populations, among other factors. However, the emerging picture is that chemotherapy has the capacity to alter brain function in ways that may result in cognitive deficits for at least a subset of individuals. Identifying patients at increased risk for cognitive deficits and identifying ways to reduce the risk of cognitive dysfunction are important for improving quality of life after cancer. This review will describe the cognitive and neuronal side effects of commonly used chemotherapeutic agents, and explore dietary enrichment with omega-3 fatty acids, as well as lowering dietary sucrose, as potential strategies for reducing these negative outcomes of chemotherapy treatment.
Effects of chemotherapy in the brain
Chemotherapy contributes to cognitive impairment Over the past 10 years, evidence supporting the behavioral and physiological deficits associated with chemotherapy has grown. In addition, cognitive deficits in breast cancer patients have been reported following diagnosis but prior to chemotherapy initiation [4] . Even with these deficits at baseline, chemotherapy was associated with a further decline in cognitive function across time. This suggests that while it is possible that factors related to the tumor, stress of diagnosis, or surgical intervention may affect cognition, chemotherapy treatment also has a negative impact on cognitive functioning. These chemotherapy-induced cognitive deficits can persist for up to 15 years after completion of treatment [5] ; the data from this study suggest that chemotherapy can exacerbate the cognitive deficits linked to aging, which are further associated with changes in frontal brain regions and their subcortical connections.
Chemotherapy induces structural changes and inflammation in the brain
The use of neuroimaging techniques, such as magnetic resonance imaging (MRI) and functional MRI (fMRI), allow the identification of structural and functional differences within the brain. Several imaging studies demonstrate that chemotherapy can induce changes in the brain, including volume reductions and changes in activity patterns. As examples, the use of MRI in breast cancer survivors reveals a reduction in white and gray matter in brain regions related to cognitive function one year after chemotherapy treatment [6] ; fMRI demonstrates decreased activation in the pre-frontal cortex and hippocampus of patients receiving chemotherapy when performing cognitive tasks [7] . In a separate study, increased memory impairment and reduced hippocampal volume in cancer patients receiving chemotherapy were associated with increased interleukin-6 (IL-6) and tumor necrosis alpha (TNF-a) cytokine concentration [8] .
The existing clinical data support a potential inflammatory mechanism, however, establishment of the neural mechanisms underlying chemotherapy-induced changes in the brain structure and function will need to rely heavily on animal models. Indeed, chemotherapeutic agents used in the clinic are known to alter neurogenesis, induce cell death, and trigger oxidative stress and inflammation, consequently damaging the central nervous system and possibly inducing cognitive and behavioral impairment through both direct and indirect pathways. For example, many commonly used chemotherapeutic agents, such as doxorubicin, do not cross the blood-brain barrier in large quantities; however, they increase TNF-a, which penetrates the central nervous system, increasing reactive oxygen and nitrogen species. These consequently induce microglia to increase local TNF-a levels in the brain, promoting neuronal damage [9] . Additionally, doxorubicin administration impairs inhibitory avoidance, a measure of hippocampal memory, in rats [10] , and a separate work demonstrates that it induces TNF-a neurotoxicity [11] . Collectively, these data suggest that chemotherapy-induced inflammation might be playing a crucial role in the development of chemotherapy-related brain changes and resulting cognitive deficits.
Chemotherapy influences adult hippocampal neurogenesis
Besides the indirect inflammatory effects of chemotherapeutic agents, such treatment can directly impact the nervous system. Chemotherapy regimens target cell division in an absolute manner; thus, adult neural stem cell proliferation and adult neurogenesis can be affected together with the malignant cells [12] . In the adult brain, neurogenesis occurs within the hippocampus; neurogenesis is involved in memory formation and spatial processing, and is crucial for optimal cognitive function [13] . Several preclinical studies have correlated chemotherapy-induced cognitive impairment with reduced adult hippocampal neurogenesis (AHN). For example, mice treated with cyclophosphamide display reduced hippocampal neurogenesis and exhibit impaired learning in the passive avoidance and novel object recognition tasks [14] . Cyclophosphamide also inhibits DNA synthesis and increases oxidative stress, inducing behavioral deficits that are inversely correlated with neurogenesis [15] . An inflammatory environment can also impair AHN [16] . Therefore, chemotherapy can act directly on AHN by decreasing hippocampal cell proliferation and neurogenesis, or indirectly by promoting an inflammatory environment that is not optimal for neurogenesis. To date there is evidence in support of both a non-inflammatory-and an inflammatory-based mechanism by which chemotherapy alters the brain structure and function [17] , nonetheless, further research is needed to establish a causal relationship and develop effective preventative or treatment strategies.
Although many types of chemotherapy do not freely cross the blood-brain barrier, it is now well established that chemotherapeutic drugs can trigger physiological changes such as increases in oxidative stress and/or the production of pro-inflammatory cytokines in the periphery, which can consequently act on the brain through a variety of mechanisms [2] . There also is growing evidence demonstrating that suppression of AHN can result in detrimental mental health outcomes such as the development of depression, anxiety, and cognitive deficits [12] . Recent studies in rodents suggest that chemotherapy-induced suppression of AHN may underlie the behavioral side effects of breast cancer treatment as well [14] .
Potential benefits of increasing dietary omega-3 fatty acids and decreasing added sugars
Dietary approaches that modify inflammation and AHN are promising strategies for reducing chemotherapy-induced cognitive deficits in breast cancer survivors. Eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), the omega-3 fatty acids (n-3 FAs) found in fish oil and marine sources, are the primary fatty acids associated with antiinflammatory properties and neuroprotection in animals and humans [18] . DHA is the major fatty acid in the brain and is typically found in levels 250-300 times higher than EPA [18] . DHA has a variety of effects on neuronal membranes including altering permeability and membrane fluidity; these effects were recently summarized in an excellent literature review [18] . EPA and DHA are substrates for lipid mediators important in the inflammatory response, many of which have a wide range of anti-inflammatory and pro-resolving actions [19] . In a recently published report, administration of EPA and DHA concurrently with doxorubicin chemotherapy prevented depressive-like behaviors and reduced neuroinflammation, oxidative stress, and neural apoptosis in male rats [20] . DHA has been shown to be safe and well tolerated at a dose of 1.8 g/day in women with advanced metastatic breast cancer during 20 weeks of doxorubicin-based chemotherapy, and DHA was associated with improved overall survival in a subset of women who highly incorporated DHA into plasma phospholipids [21] . Both EPA and DHA may play important roles in reducing neuroinflammation; DHA appears to have a more potent inhibitory effect on individual inflammatory cytokines, while EPA has broader effects on multiple cytokines in human neurons [18] .
In contrast to generally beneficial effects of n-3 FAs on cognitive function, diets high in added sugars may interact with n-3 FAs to diminish their anti-inflammatory actions [22] , cause changes in brain n-3 FA metabolism [23] , or act independently to promote cognitive deficits [24] and inflammation [25] . Naturally occurring dietary sugars include glucose (starches), lactose (milk), and fructose (fruit). Dietary added sugars are those that have been added to foods during processing to enhance flavor, and commonly include sucrose (table sugar) and fructose. Research surrounding high added sugar intake often employs animal models with high sucrose and/or high fructose diets as a proxy for high dietary added sugar intake [22] [23] [24] [25] . Memory deficits associated with sucrose intake are independent of weight gain in rodent models of diet-induced obesity; obese animals on high sucrose diets develop memory deficits whereas obese animals on high fat diets do not [26] . Furthermore, in mice, n-3 FAs decrease weight gain associated with a high fat diet, but not a high sucrose diet [22] , suggesting that n-3 FAs interact differently with dietary fats versus sugars. Indeed, a high sucrose diet not only promotes obesity, but also may interfere with the antiinflammatory effects of high n-3 FAs in adipose tissue [22] . This is relevant to patients being treated for breast cancer because our data suggest that this population consumes up to 32% of kilocalories from added sugars (T. Orchard, unpublished data), an amount that equals or exceeds levels found to be harmful in animal models examining neuroinflammation, neurogenesis, and cognition [27] [28] [29] [30] .
N-3 FAs and added sugars influence cognition
The effects of n-3 FAs on cognitive symptoms associated with anti-cancer drugs are yet to be investigated in clinical trials, but observational data suggest that n-3 FA intake is associated with less fatigue in breast cancer patients undergoing chemotherapy [31] , and fatigue and cognitive dysfunction often co-occur in women treated for breast cancer [32] . Additionally, results of randomized controlled trials in adults who were cognitively healthy or had mild age-related decline suggest that n-3 FAs may reduce depression and improve cognitive function, specifically performance on verbal fluency, recognition, and memory tests [33, 34] . However, results are not consistent across all human studies [35] .
Recently, the effects of n-3 FAs on depressive-like behavior in male rats treated with doxorubicin (DOX) have been examined [20] . Rats in the DOX ? n-3 FA group were given EPA and DHA (1.5 g/kg) by gavage beginning one week prior to chemotherapy administration and continuing for two weeks during seven injections of doxorubicin (2.5 mg/kg dose). Compared to the DOX alone group, rats receiving DOX ? n-3 FA exhibited less depressive-like behavior. Oxidative stress markers were reduced in the brain of mice receiving DOX ? n-3 FA compared to DOX alone. Additionally, provision of EPA and DHA partially prevented DOX-induced apoptosis of neurons in the pre-frontal cortex and the hippocampus. To our knowledge, this is the only study to date that has tested n-3 FAs as a treatment for chemotherapy-induced cognitive deficits.
Although there is a paucity of research on n-3 FA treatment for other cognitive deficits associated with chemotherapy, multiple studies have examined the effects of n-3 FAs on learning and memory in animal models of aging with generally favorable results [18] . Because the effects of chemotherapy on brain structure and function resemble the effects seen with aging (e.g., memory impairment, increased inflammation, and oxidative stress) [8, 9] , results of these studies may inform future research addressing cognitive deficits resulting from chemotherapy. For example, in aged rats, dietary EPA increased cortical tissue DHA, down-regulated age-related microglial activation, and improved spatial memory [36] . Aged mice fed with n-3 FAs for two months showed improved spatial recognition and novel object recognition memory [37] . Similarly, aged mice fed with n-3 FAs by gavage for 8 weeks performed significantly better than mice fed with olive oil or no supplement on several memory tasks associated with hippocampal function: recognition memory measured by novel object recognition test, spatial memory measured by the Morris water maze and spatial Y-maze, and aversive responses measured by the contextual fear conditioning task [38] .
The effects of sucrose or fructose alone on cognitive function have been investigated in a limited number of studies using rodent models. As an example, rats fed a diet with excess sucrose exhibited impaired spatial learning and memory, as well as hippocampal insulin resistance, compared to rats fed with standard chow [26] . Inflammatory cytokines were not specifically evaluated in these experiments, however, fasting blood glucose levels were elevated among sucrose-fed rats compared to rats fed with standard chow, and glucose metabolism abnormalities are associated with increased inflammation. The researchers proposed that development of insulin resistance in the hippocampus led to deficits in hippocampal-dependent cognitive functions. Similarly, another study reported impairment of hippocampal-dependent place recognition memory in rats fed with 10% sucrose solutions in addition to a standard diet or high fat cafeteria style diet for short periods of time (e.g., 5, 11, or 20 days); hippocampal inflammation also increased in animals in the sucrose group [27] . Long-term exposure (eight months) to 10% fructose solution in addition to a standard diet led to weight gain, peripheral insulin resistance, lipid abnormalities, and memory impairments in male rats, compared to a control group with no fructose [28] .
The combined effect of high added sugars and low n-3 FAs on cognitive outcomes has not been adequately explored, but one research group has investigated this interaction using a rat model of metabolic syndrome [24] . Male rats were trained on a spatial memory task in the Barnes maze, then assigned to one of four diet groups for six weeks (n-3 FA enriched diet with water or 15% fructose solution, or n-3 FA deficient diet with water or 15% fructose solution) before re-testing memory and collecting samples for analysis. Results showed that insulin resistance and hypertriglyceridemia, characteristics of metabolic syndrome, were induced by high fructose consumption. Rats consuming the fructose solution exhibited impairment in spatial memory, which was exacerbated by n-3 deficiency and partially alleviated by n-3 FA enrichment. Of note, a truly low added sugar diet was not evaluated in this study because the background diets all contained moderate levels of added sugars from dextrose and sucrose.
Nonetheless, the results suggest that a diet high in n-3 FAs is effective at alleviating some of the deleterious effects of high fructose consumption on memory.
Collectively, these studies suggest that n-3 FAs and added sugars have different and often opposing effects on cognition. High amounts of sucrose and fructose seem to impair memory, while n-3 FAs appear to be protective.
N-3 FAs and added sugars influence neuroinflammation
There is a large body of evidence supporting the anti-inflammatory role of n-3 FAs in humans and animal models [39] . Supplementation with n-3 FAs is known to decrease inflammatory cytokine production in cancer patients [40] . Clinical studies of breast cancer survivors also suggest that dietary intake of n-3 FAs is associated with lower serum inflammatory markers [31] . In contrast to pharmacologic TNF inhibitors, n-3 FAs are generally recognized as safe in doses up to 3 g/day, and are well tolerated by women who are high risk for breast cancer in doses up to 7.5 g/day [41] . Recent studies in a rat model of chemotherapy, suggest that n-3 FAs can ameliorate DOX-induced neuroinflammation; provision of EPA and DHA for three weeks inhibited DOX-induced increases in mRNA expression of inflammatory cytokines, including IL-1b, IL-6, and TNF-a, in brain tissue [20] . In addition, EPA plus DHA supplementation prevented the DOX-induced rise in the protein levels of nuclear factor kappa beta (NF-KB) in the cortex and hippocampus. Similarly, in the mouse models of ischemic brain injury, high EPA and DHA diets reduced protein expression of hippocampal IL-1b [42] . Likewise, in a mouse model of systemic inflammation, transgenic mice treated with a control diet exhibited hippocampal abnormalities and pro-inflammatory responses that were prevented with n-3 FA supplementation [43] . In mouse models, levels of inflammatory cytokines in the hippocampus increase with aging, but this rise is partially alleviated by feeding an EPA plus DHA-enriched diet for two months [37] . Recent data from our research group extend the evidence for benefits of n-3 FAs in reducing neuroinflammation to a postmenopausal mouse model; C57/Bl6 mice receiving high EPA plus DHA diets for only 12 days expressed significantly lower mRNA levels of IL-6, than mice on a control diet [44] .
Evidence from RCTs in healthy or overweight adults suggests that added sugars promote systemic inflammation. For example, in overweight adults, short-term consumption of a high sucrose diet modestly increased C-reactive protein (CRP) [25] . Similarly, CRP was increased in healthy young men with consumption of a sugar-sweetened beverage containing 40-80 g/day of either glucose, sucrose, or fructose for three weeks [45] .
Rodent studies support the potential of high sucrose diets to induce not only peripheral inflammation, but also neuroinflammation. For example, researchers recently reported increased hippocampal inflammation (e.g., TNF-a and IL-1b) and oxidative stress, in addition to impaired recognition memory, in rats exposed to a 10% sucrose solution for approximately three weeks compared to controls [27] . Similarly, longer-term ingestion of 10% sucrose solution in addition to chow led to increased hippocampal mRNA levels of the inflammatory marker, IL-6, but decreased levels of TNF-a and IL-1b in male rats [29] . A marker of insulin resistance (IRS-1 Ser phosphorylation) was also increased and correlated with IL-6 levels, providing supporting evidence for IL-6-mediated insulin resistance [28] . These studies suggest that inflammation, potentially inducing insulin resistance, may be an underlying mechanism through which a high sugar diet impacts neuroinflammation and in turn, cognition.
Less data are available from clinical studies to shed light on the combined effects of added sugars and n-3 FAs on neuroinflammatory outcomes. However, one randomized controlled trial (RCT) was recently completed in 20 adults with spinal cord injury suggesting that a diet low in refined sugars and starches, supplemented with 1500 mg EPA and 750 mg DHA daily, in addition to other dietary supplements thought to be anti-inflammatory, could reduce serum inflammatory markers (e.g., interleukin one beta and interferon gamma) and improve depression scores, as measured by the CES-D (Center for Epidemiologic Studies Depression) scale [46] .
N-3 FAs and added sugars influence adult hippocampal neurogenesis
While it is understood that certain dietary components (e.g., n-3 FAs, added sugar) can influence cognition and mood, to our knowledge, the relationship between diet and hippocampal neurogenesis is yet to be explored in human trials. However, there is a growing body of evidence from animal studies supporting the hypothesis that diet can significantly influence brain function through AHN.
Numerous rodent experiments have demonstrated that diets enriched with n-3 FAs can contribute to increases in AHN. For example, eight weeks of n-3 supplementation increased AHN measured by BrdU? staining compared to control groups [38] . Other research supports a positive correlation between the number of BrdU-labeled hippocampal newborn neurons in aged rats and the DHA content of red blood cell phospholipids [47] ; furthermore, in this study hippocampal neurogenesis increased 34% in aged rats after consumption of a DHA diet versus control diet for 16 months, suggesting that DHA may support hippocampal newborn neuron production and/or survival. The mechanisms underlying effects of n-3 FAs on AHN are unclear, but may involve regulation of nuclear transcription factors. Researchers reported that activation of nuclear receptors for which n-3 FAs are ligands (e.g., peroxisome proliferator-activated receptor alpha [PPARa]) protected mice from a reduction in AHN induced by whole-brain irradiation [48] . Additionally, evidence from cell culture studies suggests that EPA and DHA have distinct effects on neural stem cells; EPA seems to induce neural stem cell proliferation via direct effects on endocannabinoid pathways [49] .
In contrast to the potential benefits of n-3 FAs, data from rodent studies suggest that high sugar consumption is linked to reductions in AHN. Researchers compared male rats fed with diets supplemented with various sugar solutions or plain water for four weeks; rats fed with sucrose and fructose had significantly fewer newborn hippocampal neurons than rats fed with glucose or plain water, indicative of reduced AHN among the sucrose and fructose-fed groups [50] . Similarly, male mice fed with diets supplemented with 15% fructose water displayed reduced hippocampal neurogenesis along with reduced hippocampaldependent cognitive function (i.e., spatial learning, episodic memory) compared to mice fed with the same diet with plain water [30] . Importantly, however, was the finding that if mice were switched from the high fructose diet to plain water for an additional twelve weeks, they experienced partial regain of cognitive functioning. Collectively, these findings suggest that high added sugar intake can lead to reductions in AHN, but that the reductions may not be Fig. 1 Proposed effects of chemotherapy and dietary added sugars versus omega-3 fatty acids in the brain. A Chemotherapy (Chemo), such as Doxorubicin, (1) induces inflammation in the peripheral circulation. (2) Inflammatory cytokines such as TNFa, IL-1b, and IL-6 cross the blood-brain barrier and stimulate (3) neuroinflammation, mitochondrial dysfunction, production of reactive oxygen species, and nitrogen species resulting in the activation of microglia. (4) Microglia in turn produce local inflammatory cytokines promoting neurotoxicity. (5) An inflammatory environment impairs adult hippocampal neurogenesis (AHN). (6) Additionally, the small amounts of chemotherapeutic drugs that cross the blood-brain barrier can directly decrease hippocampal cell proliferation and neurogenesis. Collectively, these effects can lead to cognitive impairment and other behavioral deficits such as fatigue and depression. B High amounts of dietary added sugars [glucose (GLU) and fructose (FRU)], (7) may contribute to inflammation, (8) promote insulin resistance mediated by cytokines, and (9) reduce neurogenesis, potentially aggravating effects of chemotherapy. C The long-chain n-3 fatty acids, EPA & DHA, may protect neurons from chemotherapy-induced damage via effects of pro-resolving lipid mediators on the regulation of transcription factors involved in (10) neuroinflammation [e.g., nuclear factor kappa beta (NF-KB)] and (11) neurogenesis [e.g., peroxisome proliferator activator receptor alpha (PPARa)] in the cortex and hippocampus, resulting in the protection of neuronal function and cognition. The overall balance of pro-and antiinflammatory signals influences neuronal and cognitive outcomes permanent if sugar intake is subsequently reduced. The combined effects of added sugars and n-3 FAs on AHN in human or animal models are yet to be explored.
Conclusion
As cancer treatments continue to improve and extend the lives of patients, it is becoming increasingly important to focus on improving the quality of life for cancer survivors through symptom management. Cognitive impairments associated with chemotherapy are well documented, and can significantly compromise quality of life. Evidence suggests that chemotherapy influences cognition through reductions in hippocampal neurogenesis and neuroinflammation, which affect memory and cognitive function. This review highlights dietary modifications that may have the potential to protect against or ameliorate some of the negative cognitive side effects so commonly associated with chemotherapy treatment. In numerous rodent models, measures of cognitive function have been increased through dietary enrichment with n-3 FAs, and decreased through provision of diets high in added sugar. These effects are frequently accompanied by supporting changes in neuroinflammation and neurogenesis (Fig. 1) . These encouraging findings point to diets high in n-3 FAs and low in added sugar content as potentially protective against the cognitive side effects associated with chemotherapy, possibly working through mechanisms associated with inflammation, oxidative stress, and neural protection. It remains to be seen whether the cognitive benefits of a diet rich in n-3 FAs paired with low added sugars extend to animal models that include chemotherapy. If this is indeed the case, the next step forward involves translation of this research from the bench to the bedside to ascertain the efficacy of these dietary modifications among adults receiving chemotherapy.
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